INTRODUCTION
Acid soils currently reduce plant production on 30-40% of total and up to 70% of potentially arable land worldwide. They are distributed mainly in two distinctive geographical belts: in the cold, humid, and moderate climate of a northern belt, and the warm and humid climate of southern tropical regions (E s w a r a n et al., 1997).
V a n W a m b e k e (1976) reported that acid soils cover 1,455 million hectares of land, or some 11% of total global land surface, while V o n U e xk u l l and M u t e r t (1995) made estimates that acid soils (defined as soils of Al toxicity is fast inhibition of root growth, which may be caused by changes in various physiological processes, including Al interaction with other ions in the cell wall, plasma membrane or symplast of the root system (M a rs c h n e r, 1991; H o r s t, 1995; K o c h i a n, 1995). Aluminum also impairs cell division in root tips, hardens cell walls, interferes with DNA replication, blocks a number of enzymes, reduces the production and transport of cytokinin, modifies the structure and functioning of plasma membrane, binds phosphorus in its less available forms in soil and on root surface, decreases root respiration, reduces water uptake and blocks the uptake and metabolism of most nutrients.
Plant species differ regarding their tolerance to soil acidity and high content of mobile Al in the nutrient media. Some of them are intrinsically more tolerant than others, for example cowpea (Vigna unguiculata L. Walp), peanut (Arachis hypogea L.), rice (Oryza sativa L.) or rye (Secale cereale L.) (L i t t l e, 1988). Rye is one of the most stress-tolerant species in Triticeae family. Hitherto research of the tolerance of cereal species has shown that rye is most tolerant, followed by triticale (X Triticosecale Wittmack), wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) (A n i o l and M a d e j, 1996).
We intended to discuss mechanisms of adaptation of small grains to soil acidity, focusing on high contents of mobile Al in nutrient medium. Acid soils are in a process of world scale expansion, largely due to human activities, and this issue has scientific as well as acute economic relevance.
MECHANISMS OF SMALL GRAINS ADAPTATION TO SOIL ACIDITY AND HIGH ALUMINIUM CONTENTS
Adaptation of small grains to elevated soil acidity and high Al contents in soil solution may be due to one or more different mechanisms (M a r s c h n e r, 1991). Our present knowledge shows that various types of mechanisms, depending on their sites of activity, can be grouped into: i) external mechanisms that stimulate Al elimination from root tips; ii) internal mechanisms dependent on the capacity of Al tolerance in plant symplast, and iii) genetic mechanisms. One should bear in mind that soil acidity normally coincides with high Al contents, but that some plant species are sensitive to acidity and at the same time tolerant to high Al concentration, while the reverse applies to some other species.
External mechanisms of tolerance
External mechanisms of tolerance act to prevent penetration of Al and its accumulation in plants. Their activity is present in the apoplast, cell wall, and rhizosphere. The activity of external mechanisms of tolerance is based on: Al immobilization in cell wall (B l a m e y et al., 1990; T a y l o r, 1991; K oc h i a n, 1995), leaching of Al through plasma membrane (Z h a n g and T a yl o r, 1991; T a y l o r, 1991), formation of a pH barrier in the plant rhizosphere (F o y, 1988 ; T a y l o r, 1991; P e l l e t et al., 1997) and secretion of organic acids, phosphates, chelates and the other ligands through the root to the exterior (H e n d e r s o n and O w n b y, 1991; R y a n et al., 1995; De la F u e n t e et al., 1997; P e l l e t et al., 1997).
Cell wall is a barrier for Al ions transported from nutrient medium into the cell interior. For that reason, cell wall, together with plasma membrane, provides the most important external mechanism of plant protection from the toxic effects of Al (T a k a b a t a k e and S h i m m e n, 1997). Complex structure of the cell wall and its chemical composition provides a protection from abiotic stress, including Al-induced stress. Evidence has been found that different wheat cultivars have different capacities to bind Al in the cell wall, consequently demonstrating different levels of Al tolerance. However, mechanisms of tolerance of some genotypes are still not clear.
Plasma membrane is the primary site where Al intoxication takes place (T a k a b a t a k e and S h i m m e n, 1997). Primary effects of Al on the permeability of root membrane may appear several minutes or as much as several hours after exposure to Al. These effects are probably due to an ability of Al to bind carboxyl groups in the cell wall and phosphate groups in the membrane (G u n s é et al., 1997). Although the first reaction to Al is taking place at the tip of the root (T a y l o r, 1995; S i v a g u r u et al., 1999), the mechanism of growth inhibition caused by Al has still not been adequately explained and continues to provoke different opinions. Some data indicate that Al penetrates the root symplast at considerable degree, probably affecting membrane growth (L a z o f et al., 1994).
As the exact target site of Al toxicity in the cell has not yet been identified, intensive research has focused on the symplast on one side, and the apoplast on the other (M a r i e n f e l d et al., 2000). The bulk of absorbed Al accumulates in the apoplast and accounts for 30-90% of total Al in tissues (R e n g e l, 1996). Most of Al has thus been uncritically attributed to symplast as a result either of apoplast contamination or insufficient desorption. Although various research reports have indicated that Al binds to different cell components, such as cell wall, plasma membrane or DNA (R e n g e l, 1996; S i l v a et al., 2000; T a y l o r et al., 2000), it seems that Al mostly accumulates in the cell wall. R e n g e l and R e i d (1997) used giant cells of Chara corallina algae and found that 99.99% of total Al in those cells was accumulating in cell wall, while C h a n g et al. (1999) found that this applied mostly to the cell wall pectin that remains in the protoplast even after enzyme digestion of the wall. The authors went so far to assume that Al is able to bind pectin formed after Al treatment. However, in order to understand the mechanism of Al tolerance, quantitative information is required to clarify the uptake and distribution of Al inside the cell.
During contact with plasma membrane, Al acts as an ion-exchanging agent. Therefore, cation exchange capacity (CEC) is very important for its uptake, as hitherto research has confirmed that Al-tolerant genotypes have significantly lower CECs than Al-sensitive genotypes. Besides, higher Al accumulation in sensitive wheat and barley cultivars than in tolerant cultivars has also been found inside the root and on total root surface, while tolerant cultivars had higher Al accumulation only in the root cap zone (F o y, 1988) . W a g a t s u m a (1983) also found a positive correlation between CEC and Al content in roots of some plant species. However, other data based on Al distribution between wheat apoplast and symplast have not indicated any genotype differences regarding Al tolerance. Al immobilization in plasma membranes is also based on maintenance of its selective permeability. Specific calmodulin-type proteins have a significant role in this process as they are intensively synthesized by tolerant cultivars when plants are exposed to Al stress.
Aluminum phytotoxicity to cereals is heavily dependent on soil pH as well. The mechanism of Al tolerance by some cereal genotypes is based on their ability to maintain high rhizosphere pH. So far, it has been shown that tolerant cultivars have higher rhizosphere pH than Al-sensitive ones (F o y and F l e m i n g, 1982). W a g a t s u m a and Y a m a s a k u (1985) discovered a positive correlation between Al tolerance of barley and increased pH in its medium caused by the activity of the root system. However, in trials involving different nitrogen forms , the build-up of a pH barrier in order to achieve wheat tolerance was less important than some other mechanisms and was very slow under conditions described (T a y l o r, 1988). On the other hand, there is information indicating that increased pH aiming at establishing a pH barrier is highly efficient despite being quite slow.
Secretion of organic acids, phosphates and other substances by the root system is another crucial mechanism of tolerance to Al. The activity of this mechanism is based on complexation of Al with mucilage, organic acid ligands, and other substances forming chelate complexes. Al complexation reduces its uptake from the rhizosphere of the root system. At low soil pH and high Al concentration, tolerant genotypes increase secretion of mucilage, i.e. substances characterized by a high capacity of binding Al. Those substances are able to bind cations (primarily Ca 2+ ) and are secreted mostly by the root cap and the root tip zone (P u t h o t a et al., 1991). Under high Al content in a soil solution, the tolerant wheat cultivar Atlas 66 was found to have three times the volume of mucilage synthesis that the sensitive cultivar Victor had (J o h n s o n and B e n n e t, 1991).
Aluminum complexation with organic acids reduces Al phytotoxicity in the rhizosphere or the root system. Organic acids extracted from roots have different capacities for precipitating Al, namely: oxalic acid > citric acid > malic acid > succinic acid. D e l h a i z e et al. (1993) reported that the release of apple acid from the root tip zone of tolerant genotypes was 5-10 times higher than that of Al-sensitive genotypes. Simultaneously, accumulation of Al in the root tip zone decreased.
Tolerant plants also counter toxic activity of Al by secreting chelates by the root system. Chelators on root surface or in cell walls bind Al ions and so reduce their mobility and uptake. O h m a n (1988) emphasized citrates as powerful Al-chelators. The binding of citrate carboxyl groups with the Al-hydrated ion is a basis for reducing their diffusion through the lipid layer of plasmalemma (A k e s o n and M u n n s, 1989). Al also forms complexes with fatty acids. It is assumed that chelates of Al with free fatty acids (at concentrations > 200 mM) intensify Al uptake, unlike chelates with esterified fatty acids. However, the mechanism of activity of this type of tolerance is limited by the fact that chelates are constantly being broken down by microorganisms. Their stable renewal requires a great deal of energy from the plant, which is why this mechanism is less efficient.
Root colonization with mycorrhizal fungi is also an important mechanism of plant adaptation to acid soils with high Al contents and smaller amounts of available phosphorus in warm climatic regions. Ectomycorrhizal fungi bind Al in cell walls, thus reducing its uptake. A crucial role of ectomycorrhizal fungi has been partially proved for individual genotypes cultivated on tropical soils with phosphorus deficits, and in cases where plant root systems were not secreting significant amounts of organic acids (G o e d e r t et al., 1997). Apart from their protective role against Al-induced stress, ectomycorrhizal fungi also increase phosphorus availability to some mycorrhizal plants (e.g. Norwegian spruce).
Internal mechanisms of tolerance
Internal mechanisms of tolerance to Al in Al-tolerant genotypes of cereals become activated after a large amount of Al has penetrated plant cells through the plasma membrane. The activity of this mechanism is based on Al complexation with proteins, organic acids and enzymes, and chelation in cytosols.
An important part in Al detoxication in the plant symplast is played by organic acids that form complexes with Al by accumulating them in specific cell organelles, especially the vacuoles. Al complexation with organic acids, primarily with citric and malic acids, is an important internal mechanism of tolerance to high concentrations of Al. Al detoxication in plant cell cytoplasm is based on Al complexation with proteins, especially with the enzymatic protein calmodulin. Besides calmodulin, other proteins of the metalloprotein group form complexes with Al in cells; they bind Al via the SH group, forming relatively stable complexes. The formed complexes are then transferred into the vacuole by the enzyme tonoplast transferase (Al-ATPase) (A n i o l, 1984). The activity of protein kinase in Al-tolerant cultivars has also been found to reduce the toxic levels of Al, compared to sensitive cultivars (M o u s t a k a s et al., 1992) .
A decrease in cellular Al toxicity may also occur by its complexation with phytochelatins. In small grains, especially in tolerant genotypes, a large number of substances have been found that are able to form chelates with Al.
Genetic mechanisms of tolerance
Plants have genetically controlled mechanisms (present in most phenotypes) and adaptive mechanisms (present in tolerant phenotypes) of overcoming high concentrations of various elements in their nutrient medium.
The environment with all of its factors influence plant organisms, causing high variability in plants of the same inherited background. In addition, genetic sources of tolerance can be very different and scattered in different indivi-duals of wild populations. Knowing the genetic background of tolerance is greatly important for creating genotypes tolerant to acid medium, and to the presence of high concentrations of Al.
Small grains show different levels of tolerance to acid soils and high contents of Al in soil solution. Barley (Hordeum vulgare L.) is the most sensitive of them, followed by wheat (Triticum aestivum L.), while oats (Avena sativa L.) and rye (Secale cereale L.) show higher tolerance. However, differences that have been detected in the tolerance of some genotypes within a species are often greater than those between species.
Genetic characters and gene localization on chromosomes that are responsible for tolerance to acidity and high Al content have been extensively studied in cereals, especially in wheat.
S l o o t m a k e r (1974) was one of the first researchers in the world to localize roughly wheat genes for tolerance to soil acidity, specifying the importance of genome D, as well as genomes A and B. A n i o l and G u s t a fs o n (1984) found the genes responsible for wheat tolerance to Al on the following chromosome arms: 6AL, 7AS, 4BL, 2DL, 3DL, 4DL and 7D, confirming that indeed the genes for Al tolerance exist predominantly in the A and D genomes. In hexaploid wheat, the major genes that affect Al tolerance are localized on the short arm of chromosome 5A and the long arms of chromosomes 2D and 4D (A n i o l, 1995).
According to K e r r i d g e and K r o n s t a d (1968), only one dominant gene was responsible for Al tolerance in cross-breeding of the wheat cultivars Duchamp and Brevor, but additional genes were present in the cultivar Atlas 66. This is consistent with findings reported by C a m p b e l l and L a f ev e r (1981), who found that Al tolerance to wheat was not merely inherited, but that expression of Al tolerance was additive and highly inheritable. C am a r g o (1981) showed that the Al tolerance displayed by Atlas 66 was determined by a complex genetic mechanism involving at least two dominant major genes, and possibly some other minor genes. A gene on chromosome 5D had been identified previously, but B e r z o n s k y (1992) One of them cosegregates with the marker for ALMT1 gene promoter and is situated on chromosome 4DL, while the other two are on chromosomes 3BL and 2A. The two main quantitative trait loci (QTLs) on chromosomes 4DL and 3BL have an additive effect and the SSR markers linked to them can be used in marker-assisted selection aimed to increase wheat tolerance to Al.
Rye is one of the species with the highest tolerance to stress in the family Triticeae (L i t t l e, 1988; A n i o l and M a d e j, 1996). Its genes for Al tolerance have been localized on chromosomes 3R, 4R, and 6RS (A n i o l and G u s t a f s o n, 1984). G a l l e g o and B e n i t o (1997) studied gene segregation for Al tolerance and the positions of several isoenzymes in a segregating population and found that Al tolerance in rye was controlled by at least two major dominant and independent loci. The genes coding for isoenzymes Acol and Ndh2 relate to the segregating gene for tolerance to Al on chromosome 6R. Comparing segregation in several rye populations, H e d e et al. (2001) discovered that Al tolerance in rye was controlled by several dominant alleles that have different effects on two or three independent loci.
Many triticale cultivars are characterized by high tolerance to Al, but not as high as rye (H e d e et al., 2001). Evidently, some wheat genes block the expression of Al tolerance genes from rye, while others enable the expression of rye's tolerance to Al. A n i o l and G u s t a f s o n (1984) showed that expression of the 6R tolerance to Al depends on which wheat chromosome has been replaced. G u s t a f s o n and R o s s (1990) found suppressors of rye tolerance to Al on chromosome arms 4AL, 5AL, 6AL, 7BS, 7BL, and 3DS. Similarly, activators of rye tolerance to Al were present on arms 2AL, 5AS, 6BS, 1DS, 1DL, 2DL, 4DL, 5DS, 5DL, 6DL, 7DS, and 7DL.
Barley is the most sensitive of all small grains to the activity of Al. Genetic analyses have shown that barley tolerance to acid soils was inherited by one dominant gene (S t ø l e n and A n d e r s e n, 1978) and by multiple alleles (M i n e l l a and S o r r e l l s, 1992). S t o l e n and A n d e r s e n (1978) found that tolerance to high soil acidity is regulated by one dominant gene, marked as Pht, on chromosome 4. According to R e i d (1971) , Al tolerance of the barley cultivars Dayton and Smooth Awn 86 is regulated by one dominant gene, marked as Alp. E c h a r t et al. (2006) reported that barley tolerance to Al depended on one gene and found the RFLP marker Xwg464 on the long arm of chromosome 4H at 21.6 cM distance from the gene.
Examining sweet sorghum (Sorghum bicolor L.), J u r a n d i r et al. (2007) identified a gene coding for Al-induced citrate transporter on the locus Alt SB , which is believed to be responsible for Al tolerance. It is one of the proteins of the MATE gene family considered to increase Al tolerance by stimulating secretion of citrates from the root.
In rice, 9 QTLs have been identified, including one responsible for root length under non-stress conditions (CRL), three for root length under Al-induced stress (SRL) and five for relative root length (RRL) (N g u y e n et al., 2003) . Complementary genetic analysis has revealed that QTLs for RRL, mapped on chromosomes 1 and 9, are conserved among different rice populations. Major QTL for RRL, which accounts for 24.9% of the phenotypic variability, has been found on chromosome 3 of rice that is conserved in all cereals. These results are valuable to breeders, and further studies of these QTLs could make a significant contribution to clarifying the mechanisms of adaptation of different cereals to acid soils. Commun. 34: 517-520. J u r a n d i r, V., M a g a l h a e s, J. V., L i u, J., G u i m a r ã e s, C. T., L a n a, U. G. P., A l v e s, V. M. C., W a n g, Y-H., S c h a f f e r t, R. E., H o e k e n g a, O. A . , P i ñ e r o s, M. A., S h a f f, J. E., K l e i n, P. E., C a r n e i r o, N. P., C oe l h o, C. M., T r i c k, H. N., K o c h i a n, L. V. (2007) Aluminum toxicity effects on durum wheat cultivars. J. Plant Nutr. 15: 627-638. N a r r o, L. A., P e r e z, J. C., P a n d e y, S., C r o s s a, J., S a l a z a r, F., A r i a s, M. P. (2001): Implications of soil-acidity tolerant maize cultivars to increase production in developing countries. In: N. Ae (eds). Plant nutrient acquisition: New perspectives. NIAES series 4. Springer-Verlag, Japan. 447-463. N g u y e n, B. D., B r a r, D. S., B u i, B. C., N g u y e n, T. V., P h a m, L. N., N g u y e n, H. T. (2003) Rezime Kisela zemqišta ograniåavaju biqnu proizvodwu na 30-40% ukupnih, kao i do 70% potencijalno obradivih svetskih površina. Kisela reakcija ovih zemqišta i nizak sadrÿaj najvaÿnijih biqnih hraniva, pre svega R i Sa su ograniåavajuãi faktori postizawa visokih i stabilnih prinosa gajenih biqaka. Pored kisele reakcije, ova zemqišta karakteriše veoma åesto i poveãan sadrÿaj toksiånih oblika Al, Fe i Mn, kao i nedostatak ili smawena pristupaånost P, Ca, Mg i nekih mikroelemenata, posebno Mo, Zn i V. Toksiånost Al se smatra najvaÿnijim faktorom koji ograniåava rast biqaka na kiselim zemqišti-ma. Mehanizmi adaptacije strnih ÿita na kisela zemqišta mogu se podeliti na: spoqašwe, unutrašwe (fiziološke) i genetiåke. Dejstvo spoqašwih mehanizama tolerantnosti zasniva se na imobilizaciji Al u ãelijskom zidu, isticawu Al kroz plazma membranu, uspostavqawu pH barijere u rizosferi i luåewu organskih kiselina, fosfata, helata i drugih liganada korenom u spoqašwu sredinu. Unutrašwi mehanizmi tolerantnosti zasnivaju se na kompleksirawu Al sa proteinima, organskim kiselinama i enzimima, kao i helatizirawu u citoplazmi. Strna ÿita ispoqavaju razliåitu tolerantnost prema kiselosti zemqišta i poveãanom sadrÿaju Al u zemqišnom rastvoru. Najosetqiviji je jeåam, zatim pšenica, dok veãu tolerantnost ispoqavaju ovas, tritikale i raÿ.
